Abstract. Tsunami impact study has been undertaken along Chennai coast starting from Pulicat to Kovalam. The study area Chennai coast is mainly devoted to prepare large scale action plan maps on tsunami inundation incorporating land use details derived from satellite data along with cadastral data using a GIS tool. Under tsunami inundation mapping along Chennai coast an integrated approach was adopted to prepare thematic maps on land use/land cover and coastal geomorphology using multispectral remote sensing data. The RTK dGPS instruments are used to collect elevation contour data at 0.5 m intervals for the Chennai coast. The GIS tool has been used to incorporate the elevation data, tsunami inundation markings obtained immediately after tsunami and thematic maps derived from remote sensing data. The outcome of this study provides an important clue on variations in tsunami inundation along Chennai coast, which is mainly controlled by local geomorphologic set-up, coastal zone elevation including coastal erosion protection measures and near shore bathymetry. This study highlights the information regarding most vulnerable areas of tsunami and also provides indication to demarcate suitable sites for rehabilitation.
Introduction
A tsunami is a natural coastal hazard generated in the deep ocean as a result of an earthquake, volcanic activity, submarine landslide or meteoritic impact. The December 2004 earthquake and the tsunami it spawned resulted in more than 225 000 confirmed deaths (as at 1 Febuary 2005) , the worst tsunami disaster on record and one of the top 10 earthquake
Correspondence to: C. Satheesh Kumar (c satheeshsw@rediffmail.com) disasters ever recorded. The tsunami itself was generated along the 1200 km fault rupture and the waves were recorded over 5000 m. Much research has been carried out to determine the impact of tsunamis on coastal environments such as the nature of inundation, runup level, erosion, deposition, vegetation, etc. in damaging the coast. Alami and Tinti (1991) evaluated the tsunami hazard along the Moroccan coast by comparing tsunami data with the set of available earthquake data. Dawson (1994) suggested that the geomorphological processes associated with tsunami run-up and backwashes are highly complex. Raval (2005) reported severe destruction along the coast of Nagapattinam, South India, primarily because of its geographic setting, which has favoured much inundation. Mohan (2005) reported that elevated coastal dunes and beach ridges along the coastline could act as barriers to minimise the rate of inundation along the northern parts of the Tamilnadu coast. In this paper, we have attempted to map the extent of inundation at village level and to find a relationship between the extent of inundation and the run-up level. The run up and inundation of the tsunami were measured in the field using RTK-GPS and Leica Total Station, and the co-ordinates and elevations of the locations where evidence of tsunami was preserved were noted. Major parts of area consist of alluvium, beach dunes, tidal flats and creeks. The entire study area is occupied by settlements mainly belonging to the coastal community. Major industries like thermal power station, fertilizer and rubber factories, steel rolling industries, and petrochemical companies are located on the northeast coast of Chennai. Beach resorts, farmhouses, aquaculture ponds, theme parks, tourist spots, and artificial parks are mainly located on the southeast coast of Chennai. Fishing is the main occupation of the people living in the suburban coastline, whereas in the urban coastline, the occupation is not only fishing but also depends upon urban resources like industries and government and non-government organisations.
Methodology
Inundation maps are depictions of coastal areas that identify regions, populations, and facilities that are at risk from tsunami attack, which could be used by emergency planners for disaster response and mitigation. Inundation maps require an assessment of local and far-field geologic hazards, and the calculation of coastal flooding. Garcia (1974, 1978) , Houston (1974 Houston ( , 1980 and Briggs (2005) used a combination of finite difference and finite element models to predict tsunami inundation on the west coast of the United States and Hawaii. These inundation maps provide details on maximum devastation scenario along the coast. The National Earthquake Reduction Programme (NEHRP 13 January 2005, Version 1.0) is contributing in significant ways to United States preparedness in response to tsunami threats, and also supports research to develop models, tsunami wave basin measurements, and risk assessment tools to predict the location and extent of inundation (Synolakis, 2002) . Once an earthquake and tsunami are designed and its frequency is estimated, the numerical simulation with the land-use and human activity present can provide details regarding the affected area and damage to humans, houses, and economy (Fumihiko, 2004) .
The present study has generated output on the following and the combination of these results helped to carry out tsunami vulnerability assessment: 1. Tsunami inundation limits and runup level mapping along the study area, 2. Transfer of inundation points over a geo-referenced satellite imagery, 3. Elevation mapping for the preparation of 0.5 km interval contour data using dGPS (Real -Time Kinematic GPS) along the study area at different transects, 4. Pre-and post-tsunami remote sensing data (LISS-III and LISS-IV) for land use/cover mapping using ERDAS package, and 5. Preparation of larger scale (1:5000) action plan maps by incorporating all the above thematic parameters and cadastral maps in a GIS environment.
Detailed fieldwork was undertaken along the 70 km coastal stretch from Pulicat to Kovalam to assess the extent of inundation. Co-ordinates of the 13 inundation limits and the shoreline were measured using Magellan hand held GPS with a spatial resolution of 10 m. The inundation limit was identified using field evidences like withering of plants sensitive to salinity, and presence of trail of organic debris that had floated in the tsunami waves. Watermarks on compound walls were rare and were used wherever available. The direction of propagation of tsunami was also noted based on transported blocks of damaged compound walls constructed with bricks and broken tree trunks. The geomorphological set up of the region like the presence of dune ridges was also examined.
For the preparation of land use/land cover maps, LISS and PAN data of IRS -1C were used; for image processing, ERDAS Imagine software was used. Up to level III land use/cover categories were mapped using these multispectral imagery. The (2005 IRS P6 LISS-III) images were rectified by georeferencing with Ground Control Points (GCP) like road intersections collected using Magellan GPS. The village maps used as base maps for mapping were scanned and georeferenced using ENVI 3.6 by measuring the co-ordinates (Lat/Long; WGS 84) of known village survey stones. Village boundary stones were preferentially used for GCP. Atleast 6],GCP was taken for each village, and the RMS error of rectification was kept minimum; points that did not correspond were deleted. The village maps were overlaid on the satellite image and the correspondence of the features present was confirmed. The marginal water bodies and roads depicted on the maps were useful for accuracy of the registration process. The rectified village maps were digitized using ARC INFO 9.1 GIS package in the Integrated Coastal and Marine Area Management (ICMAM) Project Directorate, Ministry of Earth Sciences, Government of India, Chennai. The land use/land cover maps of major features in the villages were prepared in a GIS environment. Ground truth information collected during elevation mapping was used for validation of these details. For the preparation of elevation contour maps at 0.5 m interval of the study area, Leica Real Time Kinematic (RTK) GPS was used. The GPS equipment used was a Leica SR530 Real-Time Kinematic capable unit. Two units were used, with one serving as the reference receiver, or base station, and the other serving as the rover. The Leica SR530 has a quoted accuracy of 10 mm+1 ppm. The GPS units and radios were supplied by the Integrated Coastal and Marine Area Management, Department of Ocean Development, NIOT Campus, Chennai.
Real-Time Kinematic GPS is a form of differential GPS (using two receivers) that allows a user to view coordinates in real-time, with an accuracy of up to 10 mm+1 ppm. The ambiguities can be resolved while the rover is not stationary, meaning faster resolution and more efficient surveying.
One source of possible error in the RTK derived coordinates is bubble error in the pole. The bubble on the pole is of the "spot bubble" type, which means that it simultaneously shows the tilt of the pole from the vertical in both the X and Y axes. Shown on the bubble is an inscribe circle that shows the tilt of the pole. The inscribed circle on the best bubbles (and poles) indicate as little as 1' (one minute) of tilt, which on the 2 m pole used would indicate less than 1mm of movement in the position of the GPS antenna. However the accuracy indicated on the Leica pole used was 8', which correlated with a possible error of 5mm (+/-2.5 mm) in the position of the head of the pole.
There is no doubt that RTK GPS is a capable and efficient tool for use in cadastral boundary definition surveys. The survey carried out was proven to comply with Class C and also to align closely with a total station traverse carried out for the same points. Using good survey practice, accurate results can be obtained easily using RTK GPS, with the survey complying fully with the relevant regulations and legislation (Source: www.gmat.unsw.edu.au).
The elevation data was collected at every 0.5 km transect interval and up to 2 km landward extent and these details have been imported to the GIS database and contour maps were prepared for each coastal village.
Results and discussion

Tsunami inundation limits and runup level mapping
Tsunami water inundation limits were recorded along the coastal zone between Kovalam and Ennore. True wave heights of tsunami were measured and estimated from the accounts of the interviewees (i.e. relative to their body or height of watermarks), and from landmarks such as trees, rocks, dykes, riverbanks and other natural features found in the area (Besana et al., 2004) . This observation was made at about 50 locations randomly and these locations were recorded using a GPS. The tsunami water inundation limits from Ennore to Kovalam along with latitude, longitude, high tide line and inundation distances values are clearly shown in Table 1 It was observed that lowlands were inundated more. Estimation of runup heights was done based on physical evidences like the watermarks or debris carried inland by the tsunami (Chadha et al., 2005) .
A tsunami inundation map representing a source-and community-specific "credible worst case scenario" is a powerful planning and hazard mitigation tool (Gonzalez et al., 2002) . They also reveal that the Mapping Program and increasing the usefulness of inundation mapping products to emergency managers. Tsunami inundation modeling is needed to assess the threat represented by such an event (Groat, 2005) . As the population of coastal areas increases the need for, and value of, scientific understanding of earthquake and tsunami hazards also increases. Simple maps of expected tsunami travel paths and times based on crude bathymetry have been of important operational value in developing a tsunami-warning infrastructure for some time (Mofjeld et al, 2004) . Global deep seafloor topography in sufficient detail allows the mapping of a Tsunami Scattering Index (Smith et al., 1997; Mofjeld et al., 2004 ). The Inundation limit in meters with latitude and Longitude are clearly shown Table 1 and also the inundation limit is compared with High Tide Line data which is provided by the Government of Tamil Nadu in the table. The inundation limits which have been transferred over the study area base map prepared using Survey of India (SOI) toposheets. Figure 2 clearly shows that the inundation limits as well as inundation area has been blocked to identify the inundation along the study area from Cooum River to Adyar River.
Elevation mapping
The elevation survey was carried out by using RTK-GPS (Real-Time Kinematic GPS) instrument along the study area. The survey included the base station foundation and onshore transects; the total number of transects was 42 and total number of base stations was 8. The RTK-GPS is an advanced instrument and directly linked with satellite geological position and produces all data like latitude, longitude, elevation height, and date and time of the survey. Table 2 lists the samples of the data generated from the RTK-GPS output.
Land use/Cover and geomorphological mapping
Pre-tsunami satellite data (2001 LISS-III) of the study area as well as post-tsunami satellite data (2005 IRS P6 LISS-III) covering Adyar to Kovalam) were used to prepare coastal land use/cover maps by using ERDAS Imagine software. Onscreen digitization of land use/cover category boundaries was carried out for better accuracy of this mapping. These maps were validated in the field; and also, the field data on land use categories and their GPS values were recorded and incorporated with the thematic maps. Figure 3 shows the Level-II and Level-III land use and cover categories along the coast and adjacent hinterland from Ennore to Cooum River. The Land use and land cover categories of the area from Cooum River to Adyar River are clearly seen in Fig. 4 In this area, the land use categories are mainly the urban settlements. The tsunami inundation areas can also be seen in this map indicating that most of the settlement areas are affected by tsunami inundation.
Agriculture is an important land use category along South Chennai coast (Adyar to Kovalam) as shown in Fig. 5 Near shore dense settlements are also dominating along South Chennai. These coastal settlements were widely affected by tsunami inundation. Marsh and swampy areas are clearly seen in the land use and cover map.
Interpolation of elevation data
The elevation data collected using Differential GPS instruments were used to prepare elevation contour maps. Various techniques such as interpolate kriging method, inverse distance weighted, natural neighbour's method and spline method can be used. Based on visual analysis of outputs derived from these methods, only natural neighbour's method was used to prepare elevation contour maps for the entire study area.
Overlay analysis
Overlay analysis of elevation contours, cadastral maps and land use categories was carried out for the following villages, which were affected by tsunami, in the study area:
is serving not only as coastal protection measures for the coast but also act as mini fishing harbors. The inundation was very less in that particular place because of Kovalam Creek, the floodwater went through the river mouth and due to the sand dunes present. The inundation limit was 334 m and 1.12 km 2 area was submerged by tsunami water in Muttukadu area. Most of the coastal settlements and near shore coastal industries especially shrimp farms were affected due to inundation by the tsunami. It can be easily identified that the tsunami inundation was 497 m and the probable area of inundation was 0.79 km 2 in the Kanathur Reddikuppam area. Most of the coastal settlements and coastal plantation like casuarinas were affected.
The inundation limit was 538 m from shoreline and the area submerged was 1.31 km 2 in the Sholinganallur area (Fig. 6) . Most of the coastal settlements and resorts were widely affected by tsunami inundation. In the south Chennai coast segments, the maximum inundation took place because of the plain topography. Inundation limit at Injampakkam was 317 m with a total submergence area of 1.11 km 2 . Most is serving not only as coastal protection measures for the coast but also act as mini fishing harbors. 
Summary
The tsunami event that devastated Tamil Nadu is unprecedented in modern times and was one of the largest natural hazards faced by the people of this region. This event has initiated an integrated study of the tsunami including its dynamics, sediment characteristics, impact on geological systems and, above all, vulnerability of the coastal zone and coastal population to such events. With this view a detailed inundation mapping of the coastal zone incorporating all the relevant physical parameters such as elevation contour data, land use and cover categories including cadastral maps was carried out using a GIS tool.
The inundation mapping results confirms that the following physical parameters are vital in controlling the impact of tsunami waves:
1. near shore seafloor topography, 2. elevation of coastal landforms, 3. occurrence of shoreline erosion protection measures, and 4. occurrence of natural coastal barriers like coastal dunes, coastal vegetations, etc.
All the above factors influence the changes in inundation limit as well as the damages. The flat topography of the southern coastal districts combined with higher runups, however, facilitated inundation for longer distances. The variations in inundation limit and the total area of submergence in all the important coastal villages are shown Table 3 Further, in the areas peneplained by rivers, the inundation was more and the tsunami traveled with massive force reaching as far as 4 km from the shore in the river mouths.
The North Chennai coastal zone was found to be slightly protected due to the presence of shoreline erosion protection measures (Figs. 7 and 8) . Some coastal stretchs are experiencing acceleration of erosion due to the violent action of the ocean waves, which breaks well within the landmass in the coastal area and carry away the sand mass resulting in severe erosion. Heavy damages are caused to the coastal environment and livelihood due this erosion (Sundar and Sundaravadivelu, 2005) . Several options for the protection of the coast were discussed and finally a groin has been suggested by them for the north Chennai coast. The groin structure is serving not only as coastal protection measures for the coast but also act as mini fishing harbors. 
